ABSTRACT To accurately detect micro crack widths in rocks in real time, a new method based on a microwave resonance vibration model is proposed. Repeated experiments carried out by the developed microwave resonance vibration model-based sensor and the measuring apparatus determined that the center frequency of this model is 3.665 GHz. The experimental verification on various crack widths (below 1 mm) is performed after the calibration experiment of taking the plug gauge and dial gauge as standard. The relationship between the actual value and the amplitude of the output voltage of the microwave signal is analyzed; in addition, the influence of different environmental relative humidity and specimen water content on rock crack width measurement results is discussed. The experimental results show that, under the condition of a resonance vibration frequency of 3.575 GHz, the proposed method can accurately and directly determine the micro crack width in rocks. The detection system is developed with a relative error of less than ±5%, the minimum value of stability detection is 50 µm, and the fastest response speed of 0.28 ns. In terms of the influence of different environmental relative humidity and specimen water content on the measurement results, the greater the relative humidity, the higher the specimen water content, and the greater the influence on the measurement results. It provides an important reference for rock crack width variation monitoring and serves well for the rock masses engineering stability evaluation.
I. INTRODUCTION
Rock masses contain numerous microscopic and macroscopic discontinuities, such as cracks, joints and faults. Many field engineering projects have shown that unstable failure can easily start from these pre-existing discontinuities. For example, changes in the stress in rock masses caused by disturbances from site excavation may result in new cracks, or the original cracks may extend, propagate, and even cause unstable damage. Hence, the failure of the rock masses is heavily affected by the pre-existing discontinuities. Deformation monitoring of rock masses plays a key role in the study of pre-existing discontinuities and can help people understand the fracture mechanism and assess the stability of fractured rock masses.
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The determination of crack width in rock precisely is one of the effective approaches for deformation monitoring of rock masses. In order to understand the fracture mechanism, it is especially important to gain insight into the behavior of rock micro crack width changes. The indoor monitoring methods for rock crack width mainly include high-speed photography [1] , [2] , computed tomography (CT) scanning [3] , [4] , acoustic emission (AE) detection [5] - [8] , nuclear magnetic resonance (NMR) [9] - [11] , and scanning electron microscope (SEM) [12] , [13] . The most obvious advantage of high-speed photography is their direct observation characteristics, but the crack width values cannot be directly quantified, while this value is quantified by software post-processing. Compared with the use of CT scanning, NMR, and SEM, AE detection records the triggering events in real time. The AE detection system starts to record after the trigger event accumulating a certain amount, which means there will be a certain delay. It is not difficult to find that the use of AE detection to quantify micro crack still has drawbacks. The costs of using the above techniques are still high. It would be of considerable benefit if developments of new crack width monitoring technique could quantify the cracks in real-time simply and economically. In summary, deep insight into the study of rock micro crack width change is still not comprehensive enough.
Microwave techniques have been applied to monitor crack size, where the determination of metal defects is the most common [14] -17]. In addition, the microwave nondestructive testing (NDT) method also has certain applications in the field of civil engineering [18] - [32] . These studies mainly explore the generation of electromagnetic radiation accompanying the fracture process of the specimen under the action of external loading and determine the crack development by detecting the energy intensity of the electromagnetic wave. However, active electromagnetic waves are rarely used. WANG et al. [33] and LV et al. [34] use the electromagnetic wave for acting on the specimen and then detect the energy intensity of the electromagnetic wave absorbed by the specimen to judge the crack condition. For the study of quantifying micro crack widths, microwave scattering method only has a small part of the incident electromagnetic field interacting with the crack, and the interaction is very weak, so it is easily affected by external interference, resulting in inaccurate detection results. Therefore, monitoring technique must be able to fully capture and record events in a short period of time. After analyzing the existing microwave-based techniques, it should be noted that accurate detection and characterization of micro crack still pose a challenge in rock crack width variation monitoring.
In view of this, a new microwave resonance vibration model-based detection for rock crack width was proposed. Then, the experimental verification of different rock crack widths from 0 to 1mm is carried out to realize the real-time quantification of rock micro crack width. This new approach can provide more accurate information in a shorter time. It offers a new reference of developing a highly accurate and intelligent determination method in the field of civil engineering.
II. DESCRIPTION A. PPRINCIPLE OF MEASURING ROCK CRACK WIDTH BASED ON MICROWAVE RESONANCE VIBRATION MODEL
The rock specimens are mounted in parallel with the microwave resonance vibration model-based sensor of rock crack width monitoring, which is a non-contact technique, and the standoff distance (D) between the two is 0.1 mm, as seen in Fig. 1 . Fig. 1 is the installation relationship in a microwave resonance vibration model-based measuring apparatus. On the basis of considering the essential properties of the tested specimen, the standoff distance (D) of 0.1 mm is determined by repeated experiments, so that the magnetic lines of force are incident on the rock as perpendicular as possible, thereby ensuring the sensor sensitivity [29] . The essence of microwave resonance vibration model-based measurement of rock crack width is to use electromagnetic waves from the sensor to couple with rock specimens. The reason is to make the magnetic dipole and electronic dipole in the rock specimen resonate with it. That is, a coupled microwave magnetic field is generated in a rock specimen. When a crack occurs in the rock specimen, it can be visualized as a rectangular waveguide, and the rock crack width determined by the microwave resonance vibration model is theoretically analyzed with reference to the waveguide analysis method [15] , [16] . Given that the sensor sensitivity range of the microwave resonance vibration model is relatively small, it is particularly suitable for measuring the micro crack width. If you want to measure a wide range of rock crack widths from micro-small to large, it is necessary to take the combination of electromagnetic wave scattering method and microwave resonance vibration model [33] , [34] , which can suitably determine the rock crack width of various sizes.
To facilitate a clear understanding of the principles of this new method, the Maxwell equation is first used to theoretically analyze the method of detecting rock crack width by electromagnetic wave scattering to understand the measurement of micro crack width based on microwave resonance vibration model [35] . It is assumed that the microwave propagating to the surface of the rock specimen is a plane wave E, and its expression is
where E is the electric field strength vector, E 0 is the electric field strength amplitude value, which is a constant, γ is the propagation constant in space, x is the propagation distance along the x-axis, jω is the resonance vibration angular frequency, and t is the time required for one oscillation cycle. The electric field intensity vector E periodically changes with f = ω/(2π) in the time domain, and spatially propagates in the x-axis direction with the propagation constant γ . Then, the propagation constant γ can be expressed as
where γ is the propagation constant in space, α is the decay constant, jβ is the phase constant, σ is the conductivity, jω is the resonance vibration angular frequency, ε is the dielectric constant, and µ is the magnetic permeability. VOLUME 7, 2019 FIGURE 2. Coupling relationship between rock specimen and microwave resonance vibration model-based sensor: (a) schematic diagram of the principle for microwave resonance vibration model-based sensor coupling with rock specimen and (b) equivalent circuit schematic of sensor coupling with rock specimen. U s is the equivalent output voltage of the microwave resonance oscillation signal, R is equivalent total resistance, L 0 is the sum of the equivalent of sensor inductance and distribution parameter, and C 0 is the sum of the equivalent of the distribution parameters of sensor and resonance oscillation circuit capacitance, L 1 is distributed inductance after the test specimen is loaded, analogously, C 1 is distributed capacitance after the test specimen is loaded, and U 0 is resonance vibration output voltage. And I is total current, I 1 is load current, I 0 is no-load current, U R is equivalent total resistance voltage.
When σ/(jωε) 1, ''(2)'' can be written as
The ratio of the electric field strength vector E to the magnetic field strength vector H is equal to the wave impedance Z, and when σ = jωε, that is
where Z is the wave impedance, E is the electric field strength vector, and H is the magnetic field strength vector. In the rock specimen, when the amplitude of the field strength is rapidly reduced to the original value by 1/e times, the corresponding depth d is called the microwave penetration depth, that is
In addition to penetration, the reflected wave coefficients need to be considered. The reflection coefficient can be expressed by that of the light wave
where is the reflection coefficient, Z 1 is the air dielectric wave impedance, Z 1 is expressed as Z 1 = √ µ 0 /ε 0 , and Z 2 is the wave impedance in rock specimen, expressed as Z 2 = √ µ/ε. As the rock specimen is not an ideal reflector (for example, metal is one of the ideal reflectors), the reflection coefficient is very small when the electromagnetic wave is perpendicularly incident on the rock specimen, namely, its reflection coefficient = −1 (negative sign indicates the opposite direction to the incident direction). If there is a crack on the surface of rock specimen, a part of the electromagnetic wave is scattered, and the amplitude of the scattered wave signal is also small; it is not suitable for reliable detection of the micro crack. However, this method is applicable when the crack width increases to a certain extent.
To effectively measure the micro small rock crack width, the microwave resonance vibration model-based method for determining rock crack width is proposed. The following is the theoretical analysis of this new method. Fig. 2 shows the coupling relationship between a rock specimen and a microwave resonance vibration model-based sensor. To facilitate theoretical analysis, the schematic diagram of the principle for microwave resonance vibration model-based sensor coupling with the rock specimen in Fig. 2(a) is abstracted into the equivalent circuit in Fig. 2(b) . Us is the equivalent output voltage of the microwave resonance oscillation signal, R is the equivalent total resistance, L 0 is the sum of the equivalent of sensor inductance and distribution parameter (which is a key component in generating microwave magnetic fields), C 0 is the sum of the equivalent of the distribution parameters of sensor and resonance oscillation circuit capacitance, L 1 is the distributed inductance after the test specimen is loaded, analogously, C 1 is the distributed capacitance after the test specimen is loaded, and U 0 is the resonance vibration output voltage. The microwave resonance vibration model for determining rock crack width changes the resonance oscillation frequency f 0 by changing the distributed inductance L 1 and distributed capacitance C 1 of the resonance oscillation network, thereby realizing the crack width detection. However, in general, measuring the distributed inductance and distributed capacitance are not as convenient as measuring the resonance oscillation voltage or phase angle. Therefore, when working, the microwave resonance vibration model-based sensor is in a state of no-load set resonance oscillation if it is not loaded with a specimen, and its resonance oscillation angular frequency is represented by ω 0 , which is characterized as
where ω 0 is the resonance oscillation angular frequency, L 0 is the sum of the equivalent of sensor inductance and distribution parameter, and C 0 is the sum of the equivalent of the distribution parameters of sensor and resonance oscillation circuit capacitance. The resonance oscillation frequency is expressed as f 0 , and its expression is
As we see in Fig. 1 , after loading the test specimen, the electrons in the rock specimen are subjected to electromagnetic energy and are arranged to move and absorb energy. At this time, the load current I 1 of the equivalent circuit in Fig. 2 (b) increases and total current I increases accordingly, U R increases, but U 0 decreases. The absorbed energy of the electrons in the rock specimen under different frequencies is different, the total current I is also different, and U 0 changes with I as well. Therefore, the frequency of the microwave signal source changes to reduce the energy absorption to the lowest point (the bottom of the valley). Accordingly, as the frequency continues to increase, the absorbed energy of the electrons in the rock specimen increases from the bottom. The valley point in this process is called the resonance vibration point, see Fig. 3 . The results of granite crack width measurement data are displayed in Fig. 3 to illustrate the above situation. Fig. 3 (a) is a graph showing the relationship between output voltage value U (V) and frequency value F(MHz) of the measuring apparatus at the condition of loading rock specimen with crack-free. Fig. 3 (b) is the one under the condition of no load. It should be pointed out that in order to capture micron-scale crack width information easily, the resonance oscillation point characteristics of the sensor are preferably designed. In that case, the resonance point is not a single-valued cusp, while it has a relatively smooth small range. The amplitude of the output voltage signal by the sensor at the time of resonance vibration is recorded as U 0 . Its expression is
where U 0 is the resonance vibration output voltage, U S is the equivalent output voltage of microwave resonance oscillation signal, and U R is the equivalent total resistance voltage. It can be observed from Fig. 3 that the resonance oscillation frequency f 0 at no load is 3.665 GHz and the offset of f 0 becomes 3.575 GHz after loading, that is, the phase is shifted. In addition, the voltage amplitude U 0 changes accordingly. When no load occurs, the voltage amplitude U 0 is slightly lower than 0.02 V; after loading a specimen, the voltage amplitude U 0 is lower more than 0.02 V. As the rock crack width increases, the voltage amplitude U 0 decreases. This provides us with the possibility to quantify the change of rock crack width.
In short, the variation of rock crack width is evaluated based on the magnitude of U 0 , which is extremely convenient. In summary, during the process from rock crack initiation to propagating until eventual failure, the initial stage of crack initiation could be suitably measured by microwave resonance vibration model. After that initial period, the combination of microwave resonance vibration model-based method and microwave scattering method can obtain satisfactory results.
B. MATERIALS
Granite is used as the test material. Granite is mainly composed of quartz, K-feldspar, plagioclase and biotite, and it is meat red. It has a medium-fine grain granitic structure and a block structure, as shown in Fig. 4 .
There are two types of experimental specimens in the rock crack width detection test. One is defined as a regular crack, which is a straight crack with a flat fracture surface, and the other is defined as an irregular crack, which is extended or propagated in an asymmetric state. The regular crack test specimen was prepared by directly cutting the square granite (Length × width × height = 150 mm × 45 mm × 20 mm) into two halves with a diamond saw blade. The irregular crack test specimen was fabricated as follows. First, the semi-disc test specimen having a radius of 49 mm and a thickness of 21 mm was machined, and a straight crack was prefabricated in the middle, as shown the specimens in Fig. 5 . Afterwards, an irregular crack test specimen was prepared by a three-point bending test on the semi-disc test specimen by a microcomputer-controlled pressure testing machine WHY-200/10, see Fig. 5 . The non-parallelism of the top and bottom planes of the test specimen was prepared within ±2 µm. In addition, the geometrical dimensions of the rock specimen tested can satisfactorily cover the detection range of the microwave resonance vibration model-based sensor.
C. MEASURING APPARATUS AND EXPERIMENT PROCEDURE SETUP
The experiment was carried out on a precision mobile test platform (length × width = 290 mm × 76 mm) and a mechanical runout of ± 2 µm. The precision mobile test platform includes two parts: the mobile support platform and the stationary support platform. The test specimen is fixed on the mobile platform with a jig, as shown in Fig. 6 . Then set the measured value G, start the experiment and record the data. The details are described below. Fig. 6 includes a schematic diagram of a simulated mobile platform for rock crack width measuring apparatus in Fig. 6 (a) and a physical picture of the measuring apparatus in Fig. 6(b) . It can be seen from Fig. 6(a) that the distance between the dynamic portion and the static portion of rock specimen is denoted as G, and the distance can be adjusted by manually or automatically moving the platform, and the maximum adjustable distance range is 0-25 mm. The present study mainly focuses on evaluating the accuracy of micro crack width measurement in rocks, along with aiming at providing the new access of capturing cracks initiation in the specimen. Thus, the maximum adjustable distance of the test platform is set to 25 mm. The test platform is used to provide conditions that simulate different crack widths of rock specimen. The sensor for measuring rock crack widths is mounted above the static portion of the test specimen, and the sensor does not come into contact with the crack of the test specimen. In addition, the standoff distance D is 0.1 mm.
The present study designs a crack width determination test for two forms of cracks, including regular and irregular crack fracture patterns. First, the experiment focuses on the determination of the rock crack width in granite with the regular fracture, and its results are presented in section III. Second, the rock crack width measurement of irregular crack specimens is also discussed.
In the experiment of regular straight cracks, first, the plug gauge and the dial gauge were used as the standard and the experimental calibration was performed. The resolution power of the dial gauge is 1 µm. The experimental ambient temperature was 29 • C and the environmental relative humidity was 44.8 %. The first is carried out by using the standard of plug gauge. Rock crack widths of 0 to 1 mm are measured under the condition that the plug gauge is a standard and the results are shown in Fig. 7 . Three or more tests were repeated for each case with the same rock crack width to minimize the dispersion of test results. Next, under the same test conditions, the rock crack widths of 0 to 1 mm are measured under the condition that the dial gauge is a standard, and the results are shown in Fig. 7 . Correspondingly, three or more tests were repeated for each case with the same rock crack width to minimize the dispersion of test results. Subsequently, the experimental calibration taking dial gauge as a standard was determined for the later experiment after the above comparison. Fig. 7 shows a comparison of the two experimental calibration methods. These measurement results in Fig. 7 are discussed in subsection III.A below. Second, the effects of installation conditions and humidity conditions on rock crack width measurement were studied, and the relative error of the system was analyzed. A minimum recognition ability experiment for a crack width of 5 µm was made.
III. RESULTS AND DISCUSSION

A. COMPARISON OF MEASUREMENT ACCURACY BETWEEN THE PLUG GAUGE AND DIAL GAUGE
In this section, the measurement results of rock crack width are evaluated by comparing the differences in rock crack width measurement accuracy, which is calibrated by taking the plug gauge or the dial gauge as a standard. The experimental ambient temperature was 29 • C and the relative humidity was 44.8 %. First, in Fig. 8 , it shows the relationship curve between the output voltage value U (V) of measuring apparatus and resonance vibration frequency value F (MHz) in regular crack widths measurement of granite specimen. It should be noted that, in order to observe that the sensor output voltage increases as the rock crack width increases, the curve is set to be convex as opposed to Fig. 3 . To facilitate brevity, only four test points are listed, and the corresponding crack width measurement values are 0, 0.1, 0.5, and 1 mm, respectively. The other data is given in Fig. 7 and is analyzed as follows. As seen from Fig. 8 , it is feasible to measure the rock crack width based on the microwave resonance vibration model. Next, compare the differences in rock crack widths measurement accuracy using the calibration taking the plug gauge or the dial gauge as a standard, as shown in Fig. 7 . Fig. 7 is a graph showing the relationship between the rock crack width actual measurement value M (mm) of measuring apparatus and the crack width value G (mm) of granite under the condition of taking the plug gauge or the dial gauge as a standard. Each test point corresponds to an average value whose value is the average of three repeated measurements of the same rock crack width. As seen from Fig. 7 , the linearity of the measurement results by taking the dial gauge calibration is obviously more superior. By comparison, the human operation error of the plug gauge is more apparent. Even so, the experimental results still show that the rock crack width measuring system based on microwave resonance vibration model shows good linearity. To improve accuracy, the experiment times of each rock crack width measuring could be increased. Such measures will be described in section III.C.
B. INFLUENCE OF ENVIRONMENTAL CONDITIONS ON EXPERIMENTAL RESULTS
The experiment of rock crack width determination was carried out indoor with controlled temperature and environmental relative humidity to simulate the influence of outdoor environmental conditions on the experimental measurement results. Here, data analysis is performed by taking one measurement result of the regular crack widths in a granite specimen as an example. Fig. 9 is a graph showing the relationship between the output voltage value U (V) of measuring apparatus and the crack width value G (mm) under various environmental conditions, which corresponds the relative humidity of 36.7%, 42.8%, 44.8%, and 48.4%. It can be seen from Fig. 9 that the four curves do not completely coincide, indicating that changes in ambient temperature and relative humidity have an effect on the measurement results, where the change is small. In addition, the above results also show that changes in ambient temperature and relative humidity do not affect the linearity of the system. The experimental results further prove the good linearity of the rock crack width measuring system based on microwave resonance vibration model. The environmental relative humidity range studied in this section is still relatively small. The effects of wider environmental relative humidity conditions on irregular crack specimens will be discussed in Section III.E. When considering the influence of the extreme saturated state on the experimental results, for example, after the test specimen is soaked in water, the influence of the increase of the specimen water content on the measurement result is still large. The results of these experiments are discussed in Section III.E below.
C. ANALYSIS OF RELATIVE ERROR
This section will make a relative error analysis of regular crack width measurements of granite specimen under various temperature and relative humidity conditions. One of the measurement results is taken as a case of the data analysis. The values of U 1 , U 2 , U 3 and U 4 corresponding to rock crack width value G (mm) are substituted into ''(11)'' to obtain the average value. Here, the value of U 1 , U 2 , U 3 and U 4 respectively represent the output voltage value corresponding to the relative humidity of 36.7%, 42.8%, 44.8%, and 48.4%. Then, the difference is calculated and the relative error found, as shown in Fig. 10 . Fig. 10 is a graph showing the relationship between the relative error value ER (%) of measuring apparatus and the crack width value G (mm) of granite. It can be seen from Fig. 10 that the relative error at G (mm) = 0.05 (mm) is significantly larger, and the maximum relative error value reaches −64%. The maximum error at G (mm) = 1 (mm) is 5%. From the perspective of the minimum rock crack width and the maximum rock crack width, the relative error mainly occurs at the portion of the small one. After analyzing the measurement results, it is believed that the relative error of rock crack width measurement based on microwave resonance vibration model is mainly derived from two aspects, which means the measurement system is affected by electromagnetic noise interference and humidity. There are examples of analyzing the type of interference. For instance, with ambient temperature 21 • C and relative humidity 79%, when the test system input U i is 0V, the system output U omax is not 0 V but 1.298 V is recorded with an oscilloscope. In another case, when the system input signal amplitude U i is 0.223 V and the frequency f 0 is 3.7 GHz, the oscilloscope records the system output U omax is 2.542 V, while the normal value U omax should be 1.320 V. These situations indicate that the system has suffered severe interference. After scaling, it will be followed by a gross error. In order to solve such interference problems, high-pass filtering measures have been added to the hardware. Data processing adopts multiple digital filtering measures, such as probability statistics method to remove gross errors caused by random interference in the same frequency band, and the mean filtering model (Eq. ''(11)'') to eliminate gross errors caused by non-periodic random interference signals of background noise. In addition, the iron metal shield cover is adopted to isolate the circuit board from the outside space, eliminating external electromagnetic interference. After adding the above measures, the relative error is greatly reduced, and the results are shown in Fig. 11(a)(b) . Fig. 11(a) is a graph showing the relationship between the output voltage values U (V) or the relative error value ER (%) of measuring apparatus and the crack width value G (mm) of granite. Fig. 11 apparatus and the crack width value G (mm) of granite. The results show that the maximum error does not exceed ±5%, which proves that the rock crack width measuring system based on microwave resonance vibration model has good repeatability and stability.
Ui) (11) whereŪ is the average of output voltage, and U i is the output voltage, n = 2, 3, 4,.
D. DISCUSSION OF MINIMUM RECOGNITION ABILITY
Based on the above discussion of the factors affecting the accuracy of rock crack width measurement, the minimum recognition ability of crack width measurement method is mainly discussed here. Fig. 12 shows the experimental results of the minimum recognition ability in the granite crack width measurement with a regular crack. Fig. 12 shows a graph of the relationship between the output voltage value U (V) of measuring apparatus and the resonance vibration frequency value F (MHz). The experimental ambient temperature was 29 • C and the relative humidity was 44.8%. The results show that the method of measuring rock crack widths based on microwave resonance vibration model can capture a crack width of 5µm, and the above experimental results were obtained with a resonance vibration frequency of 3.575 GHz. In other words, when the smallest crack width is 5 µm, the sensor begins to react. While the minimum value of the system stability detection is 50 µm. The response speed of the sensor is closely related to the resonance oscillation frequency. The response speed of the sensor increases as the number of changes in the resonance oscillation period increases. When the rock specimen and sensor are coupled, the resonance oscillation frequency will be disturbed. From the moment of disturbance, to the time required for final stabilization, it takes at least one cycle time. Therefore, the response speed of the sensor is as fast as approximately 0.28 ns. After the analysis of the minimum recognition ability of measuring rock crack width based on microwave resonance vibration model, it would be interesting to investigate how well this method could capture the cracks initiation in rock specimen. As this study focuses on the detection of micro small rock crack widths, the maximum rock crack width given in the above section is only 1 mm. It is noted that the measurable rock crack width is higher than 1 mm.
E. MEASUREMENT OF IRREGULAR ROCK CRACK WIDTH AND ANALYSIS OF INFLUENCING FACTORS
This section attempts to measure the irregular crack width of rock and discuss the influence of the specimen installation conditions (including the specimen surface roughness 49866 VOLUME 7, 2019 R a and the standoff distance D) and humidity conditions (the wider range environmental relative humidity conditions and the specimen water content) on the measurement results. After calibrating according to the foregoing method, two granite specimens with irregular crack were experimentally studied in order to observe whether the regular crack width measurement method in rock can be applied to the irregular crack width detection. The measurement results are displayed in Fig. 13 . Fig. 13(a) is a graph showing the relationship between the output voltage value U (V) of measuring apparatus and the crack width value G (mm) of granite 1# or 2#. Fig. 13(b) is a graph showing the relationship between the rock crack width actual measurement value M (mm) of measuring apparatus and the crack width value G (mm) of granite 1# or 2#. As seen from Fig. 13(a) , the voltage output value of granite 2# is larger than the voltage output value of granite 1#, but as seen from Fig. 13(b) , the linearity of the two curves is good. From the above, it can be concluded that the measuring approach based on microwave resonance vibration model of the regular crack width in rock can be directly applied to the irregular one. The effect of the specimen surface roughness R a is discussed below. When the standoff distance D is 0.1 mm, the influence of the surface roughness R a of the regular crack specimen on the measurement result is shown in Fig. 14 . It shows the relationship between the rock crack width actual measurement values M (mm) or the relative error value ER (%) of measuring apparatus and the crack width value G (mm) of regular crack specimen. The surface roughness Ra, that is, pre-fabricated pits of different diameters (i.e. 20µm∼300µm) on the specimen surface. The variation of the surface roughness R a of the regular crack specimen only affects the measurement accuracy, and the resonance oscillation frequency point will not change. As shown in the Fig. 14 , the maximum measurement error is -1.19 %.
In the following step, when loading the specimen, the influence of the standoff distance D should be payed attention. For example, when the standoff distance D changes from 0.1 mm to 0.194 mm, the peak resonance vibration frequency of irregular crack changes from 3.544 GHz to 3.546 GHz, which is deviated from 2.0 MHz. And the system measurement error is shown in Fig. 15 . It indicates the relationship between the rock crack width actual measurement values M (mm) or the relative error value ER (%) of measuring apparatus and the crack width value G (mm) of 1# irregular crack specimen. As can be seen from the Fig. 15 , the maximum measurement error is 2.24 %.
Afterwards, a wider range of environmental relative humidity impact experiments were supplemented to examine the performance of the device. At ambient temperature of 27 • , four kinds of relative humidity effects on experiments such as 30%, 48.4%, 70%, 90 % were carried out on the 1# irregular crack specimen. And the measurement results were compared with the measurement results of 48.4 %RH of the above regular crack specimen, and the results are shown in Table 1 . The symbol ''MRs'' indicates the measurement results. It can be seen that different relative humidity influence the measurement results, and 90 %RH has the greatest influence on the measurement results, which is 3.3% larger than the measurement error of regular crack in the case of 48.4 %RH.
It is also important that the water content of rock could affect the accuracy of rock crack width measurements. As shown in Fig. 16 , the experimental results are obtained after the test specimen soaked for 8, 32, 44, 55 hours. Fig. 16 shows the influence of different water content of 1# irregular crack specimen on measurement results. The water content of the test specimen obtained by soaking the spec- imen for 8, 32, 44, and 55 hours were 0.155%, 0.201%, 0.232%, and 0.263 %, respectively. It can be found that if the test specimen is soaking in water for different hours, which means the water content is different. The measurement errors are different, and the maximum error is 6.1 % accordingly. It should be pointed out, the water absorption of rock specimens changes less and less with the prolongation of rock soaking time. Therefore, for the test specimen soaking in water for 44h, a layer of water film is attached to the specimen surface and the experiment was carried out afterwards. While for the test specimen soaked in water for 55h, a thicker water film is attached to the specimen surface. That is, the test specimen with the greatest water content and the test specimen with a thick water film on surface has the largest measurement error.
IV. CONCLUSION
To accurately determine micro crack widths using a simple and cost-effective test technique, a new approach based on the microwave resonance vibration model for rock material crack width detection was proposed in the present paper.
Experimental verification of microwave resonance vibration model-based measurement method with a central frequency of 3.665 GHz was carried out on the crack width of 0 to 1mm of granite material. Experimental calibration was carried out by taking the plug gauge and the dial gauge as standard. The experiments include the determination of the regular straight crack width in rock and the irregular one. Simultaneously, the influence of environmental relative humidity and specimen water content on measurement results is discussed, and the relative error of the experimental results and the minimum recognition ability of the detection system are discussed. And the findings of the study are summarized as follows:
(1) It is possible to successfully measure the prefabricated rock crack width by a microwave resonance vibration modelbased measurement method with a central frequency of several GHz, a method which is especially suitable for micro crack detection. When the rock crack width is set to 5 µm, the device can detect it, but the instability error is large. In fact, the minimum stable detection of the system is 50 µm. And the measurable rock crack width is greater than 1 mm.
(2) The method of measuring rock crack width based on the microwave resonance vibration model proposed in the present paper has a fast response speed, and its response speed reaches 0.28 ns.
(3) In this paper, the random interference of the measurement system is discussed. After filtering measures are taken, the measurement error is significantly reduced, and the relative error of the measurement system reaches ±5 %. From the experimental results, the linearity of the detection systems is good.
(4) Influencing factors such as sample installation conditions, environmental relative humidity and specimen water content were discussed. The experimental results show that these have certain effects on rock crack width measurement results.
Therefore, the new method for determining rock crack width is suitable for monitoring micro cracks in rocks and can help in the monitoring of rocks width deformations, as well as in rock engineering stability evaluation. Owing to the fast response of the method proposed in the present paper, the capture of crack initiation in rock materials is achievable and needs to be tested in the next step. In addition, the next step is to perform deep positioning and algorithm-based visualizing for the hidden cracks in rocks.
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